Introduction {#Sec1}
============

Several population-based cohort studies have shown that individuals with diabetes have an elevated risk of stroke relative to people who are diabetes-free \[[@CR1]\]. However, it is unclear whether hyperglycaemia in non-diabetic populations is also related to the development of stroke: while some investigators found no relationship between blood glucose and stroke risk \[[@CR2], [@CR3]\], others have reported increased rates which are confined to the upper end of the blood glucose spectrum \[[@CR1], [@CR4], [@CR5]\].

This apparent discordance in findings may be at least partially explained by the low number of stroke events in some studies which limits statistical power. For instance, in a recent meta-analysis of ten European cohort studies with individual person data \[[@CR6]\], there were fewer than 200 stroke deaths in men, too small a number to reliably examine the shape of the relationship between blood glucose and stroke mortality rates in those who were non-diabetic. This was also the case in a 10-year follow-up of the Whitehall cohort study, where only 69 deaths had occurred in diabetes-free men \[[@CR7]\]. With more than 1,100 stroke deaths having occurred in the intervening 25 years, we now have much greater statistical power with which to explore this association.

Methods {#Sec2}
=======

Data were collected on 19,019 male government employees aged from 40 to 69 years when examined between 1967 and 1970, representing a 74% response \[[@CR8]\]. Data collection involved the completion of a study questionnaire and participation in a medical examination, both of which have been described in detail elsewhere \[[@CR8]\]. In brief, data on civil service employment grade (an indicator of socioeconomic position), intermittent claudication, angina, chronic bronchitis, marital status, physical activity, cigarette smoking, height, weight, forced vital capacity, ischaemia, fasting plasma cholesterol and blood pressure were all determined using standard protocols. Body mass index was computed using the usual formula, that is, weight/height^2^ (kg/m^2^).

After an overnight fast, capillary blood was drawn 2 h after consumption of a glucose preparation equivalent to 50 g of anhydrous dextrose. Blood sugar concentration was estimated using the ferricyanide reduction micromethod on an autoanalyser (Technicon method N-9a) \[[@CR8]\]. For the study period (late 1960s) this was a standard protocol for determining blood glucose levels, as evidenced by other cohort studies from the same era \[[@CR9]--[@CR11]\]. However, to interpret our findings, it is necessary to point out that the blood glucose test was non-standard in several respects: (1) it was post-challenge; (2) the challenge itself (50 g) was lower than has been used elsewhere (75 g); (3) capillary rather than venous was drawn; and (4) whole blood rather than plasma was assayed.

Participants with self-reported diabetes (48 type 1, 133 type 2 diabetes) did not undergo the glucose tolerance test and were excluded from these analyses. We also excluded participants with a blood glucose of ≥11.11 mmol/l (≥200 mg/dl) (*n* = 56), as they were likely to have diabetes \[[@CR12]\], as well as those whose status could not be ascertained owing to missing data (*n* = 134).

Mortality follow-up until 30 September 2005 was conducted using the National Health Service Central Registry, with data available for 99.2% of men. We excluded 43 men whose cause of death was unknown and a further 48 men for whom data on categorical covariates were missing. Evidence from two areas suggests that data from death certificates are accurate. First, in a Scottish cohort \[[@CR13]\], investigators examined the risk factors for stroke death (as recorded from death certificates) and non-fatal events (as ascertained from hospital admissions data). The latter can be regarded as a highly accurate method of ascertaining stroke, given that it is based on routine test procedures such as computed axial tomography ('CAT') scans. In these analyses, the risk factors for stroke mortality rates and stroke morbidity were the same, suggesting that death certificates do indeed provide valid information on cause. Second, in an autopsy study, cerebral stroke was found to be correctly recorded on death certificates in 84% of cases \[[@CR14]\].

The present analyses are therefore based on 18,406 men (17,724 for whom data were complete, 682 for whom data values on missing continuous covariates were imputed). Preliminary analyses showed that the main increase in stroke mortality rates was above the 90th percentile of blood glucose distribution. We therefore partitioned the population into three equally sized groups below this point and four, progressively smaller, groups above it, enabling any differences in mortality rates either side of this inflection to be detected. Mortality rates in these groups were adjusted for age using 5-year age groups using the direct standardisation method, with the total study population as the standard. Using plots created by fitting restricted cubic regression splines that allow a wide range of non-linear effects to be estimated \[[@CR15]\], we visually inspected the shape of the relationship between blood glucose (continuous scale) and both stroke and all-cause mortality. Hazard ratios and accompanying CIs were computed using Cox's proportional hazards regression model with follow-up period as the time scale.

Results {#Sec3}
=======

During a maximum of 38 years of follow-up, there were 13,116 deaths, 1,189 of which were ascribed to stroke. Table [1](#Tab1){ref-type="table"} and visual inspection of the plots for stroke and all-cause mortality against the continuous measure of blood glucose indicated that elevated mortality rates appeared to begin in the central blood glucose group (about 4.6 mmol/l) and that the slope after this point could be adequately described using a single linear term. Below the blood glucose value of 4.6 mmol/l there was no apparent relationship between all-cause or stroke mortality rates and blood glucose. We therefore summarised the relationship between blood glucose and both stroke and all-cause mortality using a threshold model that matches previous analyses of the Whitehall study in which coronary heart disease was the outcome of interest \[[@CR16]\]. A 1 mmol/l increase in blood glucose above the 4.6 mmol/l threshold was associated with a 27% increase in risk of death from stroke (hazard ratio 1.27, 95% CI 1.14--1.42) and a 16% increase in all-cause mortality (1.16, 1.12--1.20). These elevations in risk were unaffected by adjustment for employment grade, but were partially attenuated after controlling for other covariates both in the analyses featuring stroke (1.17, 1.04--1.31) and in those for total mortality (1.09, 1.05--1.13). Table 1Hazard ratios (95% CIs) for the relationship of post-challenge blood glucose with stroke and all-cause mortality rates: the original Whitehall study Blood glucose (mmol/l^e^)Hazard ratio per 1.0 mmol/l increase above 4.6 mmol/l threshold2.50--3.783.79--4.224.23--4.944.95--5.285.29--5.725.73--6.786.79--11.10Population, *n* (%)5,663 (31)5,469 (30)5,390 (29)825 (4)540 (3)382 (2)137 (1)4,027 (22)All-cause mortalityDeaths (*n*)4,0563,8523,7665944163121222,922Mortality rate^a^30.430.630.531.234.136.343.2--Model A^b^1.0 (ref)1.00 (0.96--1.04)1.01 (0.95--1.07)1.04 (0.96--1.14)1.17 (1.06--1.29)1.32 (1.18--1.49)1.63 (1.36--1.95)1.16 (1.12--1.20)Model B^c^1.01.01 (0.97--1.06)1.00 (0.95--1.04)1.03 (0.95--1.13)1.15 (1.04--1.27)1.28 (1.14--1.44)1.62 (1.35--1.94)1.15 (1.10--1.19)Model C^d^1.01.02 (0.98--1.07)1.01 (0.97--1.06)1.04 (0.95--1.14)1.14 (1.02--1.29)1.21 (1.08--1.36)1.32 (1.10--1.58)1.09 (1.05--1.13)Stroke mortalityDeaths (*n*)35834533564442914274Mortality rate^a^2.72.92.73.43.63.33.7--Model A^b^1.0 (ref)1.04 (0.90--1.21)1.02 (0.88--1.19)1.30 (1.00--1.70)1.44 (1.06--1.98)1.45 (0.99--2.11)2.25 (1.32--3.83)1.27 (1.14--1.42)Model B^c^1.01.04 (0.90--1.21)1.02 (0.88--1.18)1.30 (1.00--1.70)1.44 (1.06--1.97)1.46 (1.00--2.13)2.21 (1.29--3.77)1.27 (1.13--1.42)Model C^d^1.01.04 (0.90--1.21)1.02 (0.88--1.19)1.27 (0.97--1.66)1.37 (1.00--1.87)1.24 (0.85--1.82)1.76 (1.02--3.02)1.17 (1.04--1.31)Stroke deaths were coded according to the eighth, ninth (430--439 for both) or tenth revision (I60--I69) of the International Classification of Diseases^a^Age-adjusted mortality rates are expressed per 1,000 person-years^b^Age-adjusted^c^Adjusted for age and employment grade^d^Adjusted for age, employment grade, disease at study entry, physical activity, smoking habit, marital status, forced expiratory volume in 1 s (height-adjusted), systolic blood pressure, diastolic blood pressure, height, body mass index (linear and quadratic terms) and plasma cholesterol^e^1 mmol/l = 18 mg/100 mlref, referent category

Discussion {#Sec4}
==========

To our knowledge, this is the largest study to date to examine the link between blood glucose and stroke mortality rates. We found an incremental increase in stroke risk above a glucose level of 4.6 mmol/l in a non-diabetic population of employed men. This is consistent with a previous report from the Whitehall study in which coronary heart disease mortality, an outcome with a similar pathophysiology to stroke, was the endpoint of interest \[[@CR16]\]. Although attenuated, the association between blood glucose and stroke remained after control for a range of covariates, as it did for total mortality.

The present study has a number of strengths. These include: (1) cohort size, which offers higher statistical power than many others; (2) minimal loss to follow-up, thereby reducing the likelihood of selection bias; and (3) measurement of a range of physiological and behavioural covariates which permit consideration of confounding.

At the same time, our study is not without weaknesses. First, because blood glucose, confounders and mediators may fluctuate over time, it is preferable to have more than a single baseline measurement. In this regard, surviving members of the original Whitehall study have recently been re-surveyed; unfortunately, however, blood glucose was not measured. Second, we were not able to investigate the blood glucose--stroke mortality gradient in women, which might plausibly be of a different shape to that seen in men. Third, given the similarities in the pathophysiology of coronary heart disease and ischaemic stroke, a stronger relationship between blood glucose and the latter rather than between blood glucose and haemorrhagic stroke would be anticipated. However, as death certificates in the UK do not reliably identify stroke sub-types, we were unable to examine this hypothesis.

A fourth potential weakness is that some of the factors for which we controlled (such as blood pressure and body mass index) could be components of the same constellation of risk factors that is indicated by a raised post-load glucose level. The use of data from an occupational cohort represents a fifth problem, namely the issue of the generalisability our findings. In this respect, however, the fact that results for common risk factor--disease associations reported in the Whitehall study (e.g. blood pressure and obesity as predictors of cardiovascular disease) are very similar to those apparent in general population-based studies suggests that our results are indeed generalisable.

One final potential problem is that, as described, the post-challenge blood glucose test used in the Whitehall study at baseline in the 1960s is non-standard in comparison to present day protocols. The characteristics of this test explain why blood glucose levels found at baseline in the present study seem lower than expected, for instead of the 75 g glucose challenge employed today, a 50 g challenge was used. Moreover, to simplify data interpretation, we excluded men with a blood glucose of ≥11.11 mmol/l, as they were deemed likely to have diabetes. It should also be noted that men in this cohort were surveyed in the 1960s when, due to the lower prevalence of obesity, diabetes and raised blood glucose were much less common than they are today. Following on from this, it is possible that the threshold we identified for an increased risk of total and stroke mortality is higher in more recently established cohorts that have used contemporary test procedures.

In conclusion, the incremental elevation in stroke and all-cause mortality rates occurring with increases in post-challenge blood glucose concentrations above a threshold of 4.6 mmol/l warrants further examination in large-scale studies, particularly in women.
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